The authors measured the effects of centrally infused peptides on social approach behaviors in goldfish (Carassius auratus), a social teleost. Vasotocin (VT) inhibited approach responses toward the visual stimuli of conspecifics in the absence of aggressive or sexual olfactory contextual cues in males, and a V1 receptor antagonist stimulated such responses, at least in males that were not highly social in baseline conditions, as did isotocin (IT). In the absence of social stimuli, VT did not affect activity, therefore indicating that the inhibition was not the result of nonspecific effects on arousal or motor functioning. These experiments indicate that VT and IT induce opposite effects on social approach responses in male goldfish and that endogenous VT, at least, is associated with levels of sociality.
One group of neurochemicals that is important for the regulation of numerous social behaviors in vertebrates is the family of peptides that includes arginine-vasopressin (AVP); oxytocin (OT); and their nonmammalian homologues, arginine-vasotocin (VT), mesotocin (birds, reptiles, amphibians), and isotocin (IT; fish). These peptides influence social behaviors in numerous species from diverse vertebrate groups, therefore suggesting that peptide influences on physiological processes related to social regulation have, in general, been conserved during vertebrate evolution. On the other hand, the specific social behaviors affected, including stereotypical forms of social communication as well as overt courtship, aggression, and pair-bonding and/or affiliative behaviors, appear to be highly species specific (reviewed in Goodson & Bass, 2001; Young, Wang, & Insel, 1998) . This raises the question of what ancestral mechanism (or mechanisms) may have preadapted these peptide systems to evolve such diverse, yet functionally related, behavioral influences, that is, those related to the regulation of affective interactions between individuals.
Partly on the basis of AVP and OT innervation of hindbrain autonomic regions, Porges (2001) hypothesized that these peptides may influence basic emotional regulatory mechanisms that play a role in social approach and withdrawal processes, and that such influences may underlie peptide influences on complex social behaviors, at least in mammals. According to Porges' polyvagal theory, OT should stimulate social engagement, primarily through the stimulation of hindbrain parasympathetic systems, whereas AVP should be associated with mobilization processes related to social withdrawal and/or aggression through influences on sympathetic outflow. Furthermore, the polyvagal theory asserts that specializations of the hindbrain parasympathetic system, particularly a migrated nucleus ambiguus with myelinated axons innervating the heart, would make peptide influences on a social engagement system possible only in mammals. However, the presence of terminal fields in the hindbrain is one of the most conserved features of these peptide systems in vertebrates, including jawless fishes (Hoheisel, Ruhle, & Sterba, 1978) , and the necessity of mammalian parasympathetic specializations for the autonomic regulation of emotional processes related to social engagement has not been demonstrated. Therefore, peptide influences on hindbrain autonomic systems that affect emotional processes involved in the control of social behavior could be widespread in vertebrates. However, there is not yet direct evidence in any species, mammal or otherwise, for peptidergic influences on basic approach-withdrawal behaviors that would be consistent with such a mechanism.
In teleost fish, VT has been shown to influence social behaviors related to reproduction, including courtship and aggression in blue-headed wrasse (Semsar, Kandel, & Godwin, 2001) , courtship in white perch (Salek, Sullivan, & Godwin, 2002) , and electrical communication signals related to courtship and aggression in brown ghost knife fish (Bastian, Schniederjan, & Nguyenkim, 2001) . Both VT and IT inhibit neuronal processes related to vocal communication in plainfin midshipmen; VT produces such effects in males that defend territories and court females, whereas IT produces such effects in nonterritorial males and in females (Goodson & Bass 2000) . No studies have been reported that test the effects of these peptides on social behaviors unrelated to reproduction in any teleost species, and there have been no reports of opposite actions of the peptides in any single species.
Goldfish are a social teleost that typically maintain loose groups, or shoals (Kavaliers, 1989; Magurran & Pitcher, 1983) , and for which isolation is stressful (Laudien, Freyer, Erb, & Denzer, 1986) . Unpublished results showed that male goldfish will approach conspecific males if only visual cues are available, and such responses are correlated with following, but not aggressive, behaviors when direct interactions with the stimulus fish are allowed (Scangos, 2004) . Therefore, it is possible to measure approach responses related to social investigation, and potentially to general affiliation, in this shoaling species in the absence of the olfactory cues that could otherwise trigger stereotyped aggressive and/or sexual responses (Poling, Fraser, & Sorensen, 2001) . Furthermore, we have observed dense, yet segregated, VT and IT terminal fields and VT receptor gene expression in the goldfish hindbrain, including the dorsal motor vagus, the medial subdivision of the nucleus of Cajal (homologue of the nucleus of the solitary tract), and the area postrema (Thompson & Walton, 2003) . We therefore hypothesized that if the general mechanisms proposed in the polyvagal theory do not require the parasympathetic specializations observed in mammals to influence autonomic functions associated with social engagement, then VT and IT might induce opposite effects on approach responses toward the visual stimuli of conspecifics in this social, shoaling species. Specifically, we predicted that centrally administered VT would inhibit, and IT would stimulate, such behavior.
Method

Subjects
Seventy comet goldfish (Carassius auratus; 12-15 cm, 25-50 g) were purchased from Hunting Creek Fisheries (Thurmont, MD) and held in 340-L group tanks at 18 -20°C in long-daylight conditions (16:8 hr light-dark) for at least 3 weeks before being used in the study. All studies were performed between March and September, and although not all fish displayed secondary sexual characteristics (prominent tubercles), all did have enlarged testes at the time of sacrifice.
Surgery
Each fish was removed from its home tank and implanted with a 5-mm single guide cannula (Plastics One, Roanoke VA) extending into the third ventricle, as described by Wollmuth, Crawshaw, and Rausch (1988) . Fish were anesthetized in 0.1% MS-222 and held in place with a custom stereotaxic instrument similar to that used by Peter and Gill (1975) . A hole was drilled through the skull above the juncture of the optic tectum and telencephalon, and the fat on top of the brain was suctioned off. A micromanipulator was then used to lower and hold the guide cannula, sealed with a dummy cannula cap, 1.0 mm below the brain surface into the third ventricle. The cavity around the cannula was filled with Gelfoam (Pharmacia, Kalamazoo, MI), and two surgical screws were inserted into the skull. Dental cement (A-M Systems, Carlsbourg, WA) was then applied to cover the surgical site and to anchor the cannula in place. Fish were returned the their home tank and allowed to recover for 3 days before behavioral testing. Cannulas implanted with this technique stay in place for up to 2 weeks, and placement was verified in all fish by an injection of ink after all behavioral testing was complete. In all successful cases (over 95% of the surgeries performed), ink was observed throughout the ventricle system. We observed no obvious changes in behavior as a result of the surgery in any of the fish used in our experiments.
General Experimental Protocol
On each test day, experimental males were removed from their home tank and placed in individual testing tanks that included a central 70-L experimental chamber flanked by two 18-L stimulus chambers. Sealed Plexiglas partitions prevented any chemical transmission between the experimental and stimulus chambers. The stimulus chambers on each side of the tank were vacant for a 15-min habituation period and then a 15-min baseline period. The experimental fish was then captured with a net, the dummy cannula was removed, and the saline or drug dissolved in saline was infused. One microliter was infused over a 10-s period with the infusion apparatus, which consisted of a 1-L Hamilton (Reno, NV) syringe connected to an infusion cannula by a 2-cm piece of clear PE50 tubing, which allowed us to visually observe the fluid moving into the cannula. The tubing was then fused shut just above the infusion cannula with hot forceps, and the fish was returned to the center chamber of the test tank. The infusion cannula was left in place for the duration of the experiment. The entire infusion process was completed in less than 30 s.
Experiment 1: Effects of a Low Dose of VT on Approach Toward Other Males
Experimental fish were treated as described in the General Experimental Protocol section. Over 2 days, each fish was injected 1 day with 1 l saline and 1 day with 1 l of 200 ng/l VT. Order was counterbalanced. Five minutes after the injection, an unfamiliar stimulus male was placed into whichever side compartment the experimental fish had spent less time in proximity to (nose within 1 cm) during the 15-min baseline period (determined by rewinding the tape and estimating, in fast forward mode). Behavior was then recorded for 15 min with a video camera. After the test, the experimental and stimulus fish were each returned to their separate housing tanks. Social approach behavior was defined as the time the experimental fish spent with its nose within 1 cm of the clear Plexiglas partition separating it from the stimulus fish minus the time spent in proximity to the same side during the 15-min baseline period. A single observer who did not know the treatment condition of the fish scored all behaviors.
Experiment 2: Effects of a High Dose of VT on Approach Toward Other Males
The same procedure as described above was used, but each fish was injected with 1 l saline and 1 l of 1 g/l VT, again in counterbalanced order.
Experiment 3: Effects of a VT Antagonist on Approach Toward Other Males
Males were removed from their home tanks and immediately injected with 1 l saline or 1 l of 5 g/l Manning compound, (d(CH 2 ) 5 ,Tyr(Me) 2 ,Arg 8 )-vasopressin, a selective V1 receptor antagonist. We administered the injections earlier in this experiment to allow the antagonist time to displace endogenous VT from receptor sites before testing. Thirty minutes later, after the habituation and baseline periods, an unfamiliar male was added to a stimulus compartment on one side of the tank as described above. The 5-g dose was chosen because it has been found to be effective at blocking VT-related behaviors in roughskin newts when injected intraventricularly (Moore & Miller 1983) . We administered the tests 2 days apart in this experiment to ensure sufficient time for antagonist displacement and diffusion, as has been done in similar VT antagonist studies (Goodson & Adkins-Regan, 1999) .
Experiment 4: Effects of IT on Approach Toward Other Males
Males were removed from their home tanks and placed in individual testing tanks for a 30-min habituation-baseline period, then injected with 1 l saline and 1 l of 200 ng/l IT dissolved in saline, in counterbalanced order on subsequent days, exactly as described in Experiment 1. Approach responses toward unfamiliar males were again measured.
Experiment 5: Effects of VT on General Activity and Locomotion
Males were removed from their home tanks and placed in the same testing tank used to measure social approach behavior for a 15-min habit-uation and a 15-min baseline. The tank was divided into thirds by lines drawn on the side of the tank, and baseline activity levels were measured during the 15-min baseline period by counting the number of times the fish crossed those lines. Each fish was then injected with 1 l saline and 1 l of 200 ng/l VT, in counterbalanced order, on subsequent days. Behavioral observations again began 5 min later, and the number of lines crossed during a 15-min test were recorded. The number of preinjection line crossings were subtracted from the number of postinjection line crossings for a measure of saline-and VT-induced effects on activity.
Statistics
Paired, within-subjects t tests were used to compare social approach behavior and activity in saline versus drug conditions. In order to determine whether the drugs had stronger or different effects in fish that differed in their levels of sociality in baseline conditions, we performed a median split on the proximity scores for all fish across all experiments after saline injections, and fish that scored higher and lower in sociality were analyzed separately. By using fish from all experiments to make this split, we allowed for the possibility that there might be different numbers of highly social and less social fish in each experiment, each of which used different batches of fish. Because the numbers of fish in each subset were low and the assumption of normality not consistently met, nonparametric, signedranks tests were used to compare social approach behavior after saline and drug administration within each subset. We have observed that fish ranked as highly social on one day remain highly social the next and fish ranked as low social on one day remain the same on the next (1 of 10 fish changed status on subsequent days when injected with saline on both days, and there were no significant increases or decreases within each subgroup between the days; data not shown). An alpha level of .05 (two-tailed) was used for all statistical tests.
Results
Central infusions of a low dose of VT significantly inhibited social approach behavior (N ϭ 15), t(14) ϭ 2.30, p ϭ .04 (see Figure 1 ). That effect was exclusively associated with effects of VT in the highly social subset of fish, in which VT significantly inhibited approach responses (n ϭ 6, z ϭ 2.20, p ϭ .03). VT did not affect social approach in the less social subset of fish (n ϭ 9, z ϭ 0.30, p ϭ .77). A higher dose of VT also inhibited social approach behavior (N ϭ 15), t(14) ϭ 2.36, p ϭ .03 (see Figure 2) , again by inhibiting the behavior in the highly social subset (n ϭ 8, z ϭ 2.52, p ϭ .01), though the magnitude of the effect produced by the high dose did not appear as large as that produced by the lower dose. The high dose of VT did not affect social approach in the less social subset (n ϭ 7, z ϭ 0.51, p ϭ .61).
Central infusions of a VT antagonist did not significantly affect social approach responses when both subsets of fish were used in the analysis (N ϭ 11), t(10) ϭ 1.79, p ϭ .10 (see Figure 3) , but it did significantly stimulate social approach responses in the less social subset (n ϭ 6, z ϭ 2.02, p ϭ .04). The VT antagonist did not significantly affect social approach responses in the highly social subset of fish (n ϭ 5, z ϭ 0.31, p ϭ .75). A low dose of IT also had no significant effect on social approach when all fish were used in the analysis (N ϭ 13), t(12) ϭ 0.18, p ϭ .83 (see Figure  4 ) but did significantly increase social approach behavior in the less social subset of fish (n ϭ 6, z ϭ 2.20, p ϭ .03). Central IT did not significantly affect social approach responses in the fish that were highly social in the baseline (saline) condition, though there was a trend for IT to inhibit social approach in this subset of fish (n ϭ 7, z ϭ 1.86, p ϭ .06).
Central VT infusions, at a dose that most strongly affected social approach behavior (200 ng/l), did not significantly affect general activity-locomotor behavior in the absence of any social stimuli (N ϭ 14), t(13) ϭ 0.06, p ϭ .95 (see Figure 5) .
Discussion
The present results show that VT and IT induce opposite effects on social approach behaviors in male goldfish and that endogenous VT release is associated with different levels of sociality. Specifically, VT inhibited social approach behaviors, whereas central VT antagonist or IT infusions stimulated social approach responses, at least in fish that were not highly social in baseline conditions. The effects of VT were not a secondary result of influences on general activity-locomotor responses, and the behavioral effects were immediate, occurring within 20 min of the infusion. A lower dose of VT appeared more effective than a higher dose, therefore suggesting an inverted-U dose-response function typical of many peptides, and arguing against a peripheral mechanism associated with leakage from the central nervous system. Together, these results suggest that levels of sociality in male goldfish are associated with neuromodulatory actions of endogenous VT and possibly with a balance between levels of VT and IT, though future tests with an IT antagonist will be necessary to fully establish the role of endogenous IT in regulating social approach behaviors in male goldfish. We have also not yet fully assessed the effects of either peptide in females, though preliminary results suggest that VT may stimulate approach responses in females, which would suggest sexual dimorphisms in peptide sensitivity in this species.
It is possible that VT inhibited, and IT stimulated, approach behaviors related to intramale aggression or approach responses more generally related to social investigation and, possibly, nonsexual affiliation in this social, shoaling species. VT has been shown to inhibit aggression in violet-eared waxbills (Goodson, 1998b), but aggressive behavior in goldfish is stimulated by olfactory cues (Poling et al., 2001 ), which were blocked in the present experiments. Therefore, it seems unlikely that approach responses were aggressive in nature. This inference is supported by our unpublished finding in fish that had not been operated on, in which approach scores were correlated with following and proximity maintenance, and not aggressive behavior, when direct interactions were allowed with stimulus males after visual approach tests (Scangos, 2004) . We therefore suggest that VT inhibited, and IT stimulated, approach responses related to the investigations of a strange fish whose individual identity, and possibly sex, could not be determined in the absence of olfactory cues. However, we do not yet know whether social approach scores in this paradigm differ across seasons, or whether VT and IT exert similar effects at other times of year. Though some of our tests were done in late summer, after the breeding season, all males were maintained in long-photoperiod conditions and did have enlarged testes at the conclusion of the experiment. If there are seasonal differences in approach responses toward visual conspecifics, then it would suggest that some component of this response is related to reproduction, perhaps to searches for potential mates or the identification of reproductive rivals, and, if VT and/or IT only affect approach responses in the spring and summer, that these peptides specifically affect the component related to reproduction. On the other hand, if there are not seasonal differences in approach responses, then it would suggest that such responses are more closely related to nonsexual affiliation in this social, shoaling species and that VT and/or IT influence general processes related to sociality, especially if the peptides produce the same effects at other times of year. These results appear quite different from any that have been described in other teleosts, including male blue-headed wrasse, in which peripheral VT administration stimulates courtship and aggressive behavior (Semsar et al., 2001) ; male white perch, in which central VT stimulates courtship behavior (Salek et al., 2002) ; plainfin midshipmen, in which central VT inhibits neurophysiological responses related to social vocalizations in males that overtly court females and defend territories and IT inhibits the same responses in sneaker males as well as in females (Goodson & Bass, 2000) ; or in brown ghost knife fish, in which intraperitoneal VT stimulates courtship-related electrical communication signals and inhibits signals related to aggression (Bastian et al., 2001 ). Although we have not fully investigated the effects of central VT or IT on courtship related behaviors in male goldfish, preliminary tests with a small number of males suggested that VT does not stimulate courtship behavior, though it could, potentially through the mechanisms we have identified in the present studies, inhibit courtship behavior, as central VT does in male Japanese quail (Castagna, Absil, Foidart, & Balthazart, 1998) . Until more systematic investigations of the effects of VT and IT on courtship behavior in goldfish and on social approach responses unrelated to courtship in other species are performed, it will be impossible to determine whether peptide influences on nonsexual social interactions represent a unique adaptation of these peptide systems in goldfish that may have been derived from a more ancestral mechanism associated with the control of reproductive behaviors, or a conserved mechanism of peptide action that may be widespread in teleosts. Consistent with the former possibility, conopressin, a related invertebrate peptide, influences functions related to reproduction in snails (Van Kesteren et al., 1995) , therefore suggesting an ancient role of these peptides in reproductive processes. It is possible that peptide influences on basic approach-withdrawal processes were an important, ancestral mechanism involved in the regulation of interactions between potential mates, and that such a mechanism preadapted these peptides not only to play increasingly complex roles in the regulation of species-specific reproductive behaviors, but also to participate in the regulation of nonsexual forms of social interaction in species that began to evolve more complex social structures with increased social contact between conspecifics in nonreproductive contexts.
In mammals, AVP has been shown to increase measures of anxiety and to influence stress-coping strategies (reviewed in Koolhaas, Everts, de Ruiter, de Boer, & Bohus, 1998; Landgraf, 2001) . Such general peptide actions could, at least in part, explain many of AVP's and VT's effects on social behavior, perhaps representing an important component of mechanisms involved in the control of approach-withdrawal behaviors. In our experiments, male goldfish injected centrally with VT often began to approach the stimulus fish but typically stopped short and backed away, a behavioral pattern that could be related to increased anxiety or to a change in social response strategies in a stressful testing environment. VT did not affect activity levels in the absence of social stimuli, therefore suggesting that VT may not affect a state of general anxiety, which is often associated with changes in open field exploration in novel testing environments (Crawley, 1985; Prut & Belzung, 2003) . However, the use of "open field" tests in goldfish as a measure of anxiety has not been experimentally verified, thus making that conclusion highly tentative. It is possible that VT affected a specific state of social anxiety, or that the observed effects represent a context-dependent influence on behavioral strategies in a stressful testing environment. For the tests, subjects were removed from their home tank, handled, and left in social isolation for 30 min before being exposed to an unfamiliar fish. Handling stress, in particular, has been shown to stimulate the release of endogenous corticotropin releasing hormone (CRH), which increases activity and locomotor behavior in fish as in other vertebrates (Clements, Schreck, Larsen, & Dickhoff, 2002; Lowry & Moore 1991) . Although not significant, there was a trend for fish to increase activity levels after being injected with saline and VT, so it is possible that handling the fish during the injection procedure induced endogenous CRH release and that elevated CRH interacted with the infused VT to produce a context (stress)-dependent inhibition of approaches toward a strange fish. IT, on the other hand, could have produced its effects through anxiolytic effects similar to those associated with OT in mammals (Carter, 1998; Mantella, Vollmer, Li, & Amico, 2003; Neumann, 2002) . There was also a trend for IT to inhibit social approach responses in highly social fish. We believe this may reflect pharmacological IT interactions with the VT receptors that likely mediate social inhibition.
Brain regions in which VT, at least, could have produced its behavioral effects include the anterior dorsal telencephalon, a region implicated in schooling behavior in teleosts (reviewed in Davis & Kassel, 1983) and in which we have observed a VT terminal field that has not previously been described in any other teleosts, or the ventral telencephalon, parts of which are considered homologous to the mammalian amygdala and septum, where VT and AVP produce at least some of their behavior effects in other species (Ebner, Wotjak, Landgraf, & Engelmann, 2002; Engelmann, Wotjak, Ebner, & Landgraf, 2000; Goodson 1998a Goodson , 1998b Goodson & Adkins-Regan, 1999 ) and which contains scattered, punctate VT fibers in goldfish. It is also possible that VT affects approach-withdrawal behaviors by influencing sensorimotor processes that affect orientation responses toward a visual, conspecific stimulus through actions in the optic tectum or nucleus isthmus, which also contain punctate VT fibers, and which are involved in the processing of visual stimuli in teleosts. In addition, there are dense, yet segregated, VT and IT terminal fibers in the hindbrain, particularly in the dorsal motor nucleus of the vagus, the medial subdivision of the nucleus of Cajal (the nucleus of the solitary tract homologue), and area postrema. Peptide influences in the hindbrain, potentially on autonomic outflow and/or on how the brain responds to emotionally induced changes in peripheral physiology, could influence approach-withdrawal behavioral responses through mechanisms similar to those proposed by Porges (2001) in the polyvagal theory (see introduction). That peripheral, autonomic processes are involved in emotional regulation, including behavioral responses to emotional stimuli, has been validated by recent research showing that vagal regulation is related to engagement and disengagement responses to social challenges in the environment (Bazhenova, Plonskaia, & Porges, 2001 ).
According to the polyvagal theory, influences of VT and AVP on mobilization behaviors related to fight or flight, mediated through influences on the sympathetic system, were likely present in the ancestors of modern reptiles and mammals (Porges, 2001 ). Although our data by no means demonstrate that VT inhibits social approach in goldfish through actions in the hindbrain on sympathetic mobilization processes, the behavioral effects observed are consistent with those predicted by the polyvagal theory if VT and AVP do influence emotional behaviors through such hindbrain autonomic regulatory mechanisms. If VT's behavioral effects in goldfish are found to result from influences on hindbrain, autonomic processes, and if similar effects are demonstrated in other species from diverse vertebrate groups, it would suggest that peptide influences on hindbrain, autonomic processes involved in the control of affective, social behaviors may have been present in the common ancestor of bony fishes and modern tetrapods and conserved during evolution. VT terminals are present in hindbrain regions in species from diverse vertebrate groups, including jawless fish (Hoheisel et al., 1978; reviewed in Goodson & Bass, 2001) , so the neuroanatomical substrate to support such a mechanism, at least, has been conserved during evolution.
On the other hand, IT's stimulation of social approach responses is not consistent with predictions of the polyvagal theory, which holds that mammalian parasympathetic specializations, particularly a migrated nucleus ambiguus with myelinated axons that innervate the heart and facial muscles, are necessary in order for OT to promote social engagement by coordinating social communication processes with rapid modulations of the parasympathetic system. However, although such specializations may provide a means through which OT can coordinate unique emotional communication processes with autonomic, behavioral control mechanisms in mammals, the necessity of those specializations for peptides to be able to regulate basic emotional processes associated with social engagement has not been demonstrated. Therefore, IT could be working through parasympathetic mechanisms in goldfish too. In fact, it is even possible that unique specializations may have occurred in peptide autonomic regulatory mechanisms in teleosts. In particular, there are dense VT terminals in the dorsal motor vagus nucleus that are not present in mammals and which could therefore represent a teleost adaptation that allows VT to rapidly inhibit social approach behaviors through actions on parasympathetic outflow opposite to those of IT. In fact, tachycardia and bradycardia can both be induced through vagal, parasympathetic actions in goldfish (Hornsby & Demski, 1988) . Obviously, further tests of the exact mechanisms through which these peptides affect social behavior in goldfish and in other species are necessary in order to test these hypotheses.
